before HI, and 0, 1, 2, 3, 4, 5, and 24 h after HI. The animals were sacrificed at either 1 or 4 weeks, and brain injury was scored on an ordinal scale of 0-5 (0 = no injury). Results: Carotid ligation caused moderate bilateral decreases in CBF i . Following HI, an initial hyperemia was observed that was more prominent in the contralateral hemisphere. After initiation of TH, CBF i dropped significantly below baseline levels and remained reduced for the duration of TH. In contrast, CBF i in the HI-N group was not significantly decreased from baseline levels. Reductions in CBF i after 4 h of TH were not associated with reduced damage at 1 or 4 weeks. However, elevated ipsilateral CBF i and ipsilateral-to-contralateral CBF i ratios at 24 h were associated with worse outcome at 1 week after HI. Conclusions: Both HI and TH alter CBF i , with significant differences in CBF i between hypothermic and normothermic groups after HI. CBF i may be a useful biomarker of subsequent cerebral damage.
ities [1, 2] . In both asphyxiated infants and experimental animal models, hypoxia-ischemia (HI) of sufficient duration to cause a significant decrease in cerebral blood flow (CBF) to the fetal brain results in a depletion of cerebral high-energy phosphates in vulnerable brain regions, generating a primary energy failure. Although postasphyxial resuscitation and reperfusion initially promotes recovery of the energy state, studies employing phosphorus magnetic resonance spectroscopy in newborn infants and experimental animals demonstrate a biphasic pattern of energy failure, including a secondary energy failure occurring 6-15 h after the initial HI event [3, 4] . It is likely that this interval represents a therapeutic window during which neuroprotective interventions may prevent the cascade of neuroexcitotoxic events that lead to secondary energy failure and irreversible cell death [1, 2, 5] . Currently, therapeutic hypothermia (TH), initiated within 6 h of birth, is the only such intervention clinically available that results in significantly reduced mortality and morbidity in these children [6, 7] . However, many questions still exist regarding the selection of candidates for TH and the optimal degree and duration of hypothermia [1] .
Despite the possible involvement of other mechanisms, successful treatment with TH is associated with decreased cerebral metabolism and CBF [8] [9] [10] . Thus, a noninvasive modality capable of assessing these parameters at the bedside may be an invaluable tool for therapy monitoring and prognosis of HIE. Diffuse correlation spectroscopy (DCS) has emerged over the past 15 years as a promising optical modality that measures cerebral hemodynamics in a noninvasive manner using near-infrared light without the use of external contrasts [11] [12] [13] . The technique is similar to laser speckle contrast imaging and laser Doppler flowmetry in that it provides an index of CBF (CBF i ) that is highly correlated with absolute CBF [14, 15] . However, unlike these techniques, DCS works in the multiple-light scattering realm, thus making it sensitive to deeper tissue CBF without the need for thinning or removal of the skull [16] [17] [18] [19] . Because of its greater depth penetration, DCS has been applied extensively in human neonates at the bedside to describe CBF i changes with postmaturational age and with various clinical interventions [for a recent review, see 16 ] .
The Vannucci model of unilateral carotid occlusion followed by hypoxia is often used to investigate mechanisms of injury and therapeutic strategies for neonatal HIE [20] . Recent investigations in this model have demonstrated protective effects of TH after HI. However, the cerebral hemodynamic effects of this therapy have yet to be elucidated. In this initial descriptive study, we employ DCS to monitor alterations in CBF i following HI, with or without TH therapy, in this well-established neonatal rat model of HI.
Methods
Dated pregnant Wistar rats were purchased from Charles River Laboratories at embryonic day 15, housed individually, and allowed to deliver vaginally. On the day of birth (P1), the pups were randomized and reassigned to the dams in groups of 10, with approximately equal numbers of males and females when possible. All procedures described were approved by the Weill Cornell Medical College and the Massachusetts General Hospital animal care and use committee.
Induction of HI and Hypothermia
Unilateral cerebral HI was induced in rat pups using the Vannucci model as previously described [20] and recently modified for use in the P10/P11 rat pup as representative of the full-term infant brain [21, 22] . The study protocol is depicted in figure 1 a. In brief, the animals were anesthetized with 3-5% isoflurane, and the right common carotid artery was permanently ligated. After ligation, the pups were returned to the dam for 2 h before being transferred to a temperature-controlled chamber (35.5 ° C) where they were exposed to 60-70 min of hypoxia (8% oxygen/balance nitrogen). Following HI, the animals were randomly assigned to one of two groups to recover for 4 h either under hypothermia (HI-TH), achieved by placing pups in open glass jars submerged in a circulating water bath (29-30 ° C, target rectal temperature 32 ° C) or under normothermia (HI-N) in the original 35.5 ° C chamber; rectal temperatures were recorded hourly. At the end of 4 h, the pups were rewarmed and returned to the dam. Nonoperated control pups were separated from the dam in a temperature-controlled chamber (35.5 ° C) for the same duration as the HI-N and HI-TH pups.
Cerebral Blood Flow Index
Measurements of CBF i were made using DCS, a relatively new technology. DCS uses near-infrared light to noninvasively probe dynamic optical properties of cortical brain tissue vasculature. DCS measures temporal fluctuations in reflected near-infrared light intensity on the tissue surface, which are primarily caused by moving red blood cells. A temporal intensity autocorrelation function is used to quantify these intensity fluctuations. This autocorrelation function is then fit to simple models in order to derive a tissue CBF i (mm 2 / s ) [11] [12] [13] . Previous studies in both animals and humans have shown that absolute CBF i , as well as relative changes in CBF i over time, are strongly correlated with CBF measured by other techniques, including fluorescent microspheres, Xenon-CT, laser Doppler flowmetry, bolus tracking time domain near-infrared spectroscopy, arterial spin-labeled and phase-encoded velocity mapping magnetic resonance imaging, and transcranial Doppler ultrasound [for a recent review of DCS validation studies, see 23 ] .
DCS measurements of CBF i were made in awake, unanesthetized rats by gently holding the DCS sensor over each hemisphere ( fig. 1 b) . A custom-built DCS instrument was employed that used either a 785-or 852-nm-long coherence length laser (CrystaLaser, Reno, Nev., USA), a photon-counting avalanche photodiode (PerkinElmer, Vaudreuil-Dorion, Que., Canada), and a hardware autocorrelator board (www.correlator.com). For these experiments, a single-source detector pair (6-mm separation) was embedded in a rigid black sensor. Given the relatively short distance to the brain in the P10/P11 rat (<0.5 mm), this separation was sufficient to probe cortical brain tissue ( fig. 1 c) . For each DCS measurement session, 5 s of 1 Hz acquisition of intensity autocorrelation functions were acquired over each hemisphere in sequence. Measurements were repeated up to 3 times over both hemispheres to account for local inhomogeneities under the optical sensor. DCS repeatability was assessed by obtaining as many as 10 repetitions in a small subset of animals. Data was fit to the semi-infinite homogenous solution to the correlation diffusion equation, assuming a fixed, wavelength-dependent value for the absorption and reduced scattering coefficients, μ a (λ) and μ s ′(λ), respectively, of 0.1 and 4.1 cm -1 at 852 nm and 0.1 and 5.6 cm -1 at 785 nm. DCS data was rejected according to the following objective criteria (similar to those described by Roche-Labarbe et al. [24] ). First, we discarded intensity autocorrelation curves for which the tail of the curve differed from 1 by more than 0.005, indicating movement of the animal during the 1-second averaging time. Second, after removing any outliers within a given repetition, we discarded repetitions with a coefficient of variation (CoV, standard deviation:mean) greater than 20%, again indicative of animal movement. Finally, we only included measurement sessions for which the average hemispheric CBF i across multiple repetitions had a CoV less than 20 %.
As shown by black arrows in figure 1 a, DCS data was obtained at the following time points: baseline prior to anesthesia induction, after ligation following 2 h recovery with the dam (before HI), and 0, 1, 2, 3, 4, 5, 24, and 48 h after HI. Only a subset of pups was measured at the 48-hour time point. In addition to these time points, control animals were also measured once daily from P8 to P13 to quantify changes in CBF i with postnatal age. Measurements were not made during HI, as the animals were in a closed chamber and not accessible to measurements. Total DCS measurement duration per pup did not exceed 2 min.
Relative change in CBF i from baseline in each hemisphere at a given time point, ΔrCBF(t), was calculated as follows: 
CBF t CBF rCBF t CBF
where the subscript bl denotes baseline CBF i .
Systemic Hemodynamics
Heart rate and transcutaneous oxygen saturation (SpO 2 ) were measured using a MouseOx small animal oximeter (STARR Life Sciences Corp., Oakmont, Pa., USA). These measurements were made after each DCS measurement session. The unanesthetized animal was gently manually restrained and a collar clip was placed around the neck to capture instantaneous values of heart rate and SpO 2 .
Brain Injury
The animals were sacrificed at either 1 or 4 weeks after HI to assess cerebral injury. Brains were removed and sliced into serial 2-mm coronal sections treated either with tetrazolium chloride (1-week outcomes) or formaldehyde (4-week outcomes) for gross morphometry of individual hemispheres and extent of infarct. Injury, described as a damage score, in two anterior (caudate + putamen) and two posterior (hippocampal + thalamus) sections was rated on an ordinal scale of 0-4 as previously described (0 = no damage, 1 = mild atrophy only, 2 = atrophy and ventriculomegaly, [21, 25] . A score of 5 was given if the animal was ahemispheric (only seen at 4 weeks). Scores for the anterior and posterior sections were averaged to assess a global damage score.
Statistical Analysis
Data are reported as means (with standard error of the mean, SEM) unless otherwise stated. Paired t tests were used to determine whether CBF i at each time point differed from baseline levels. Unpaired t tests were used to test for significant differences between HI-N, HI-TH and control groups (controls only tested at the 24-hour time point). Spearman's rank-based nonparametric approach was employed to test for associations between CBF i , ΔrCBF and ipsilateral-to-contralateral CBF i ratio with subsequent 1-and 4-week injury scores. All analyses were performed using MATLAB and Statistics Toolbox Release 2013b (MathWorks Inc., Natick, Mass., USA). Associated p values represent the significance of twosided tests. Statistical significance was declared for p values <0.05.
Results
A total of 48 immature rats from 5 litters were subjected to HI (28 male and 20 female), and 24 pups from 3 litters were used as controls; 2 pups died during HI, leaving a final cohort of 23 pups subjected to HI followed by normothermia (HI-N) and 23 subjected to HI followed by TH (HI-TH). A third pup from the HI-N group died 2 weeks after HI. All HI-TH pups reached the target rectal temperature of 30-32 ° C; the HI-N pups averaged rectal temperatures of 37.6 ° C during the same 4-hour interval.
A total of 966 average hemispheric CBF i measurements were taken with DCS on the 48 HI animals. Approximately 9% of these measurements were discarded based on the objective criteria described above. The average intrahemispheric CoV for each measurement session, which consisted of 2-3 repetitions, was 11.4% (SEM 0.1%).
CBF: Before HI Baseline CBF i was tightly distributed amongst the 48 HI pups; values ranged from 0.46 to 0.83 × 10 -5 mm 2 /s and had a mean (standard deviation) of 0.65 (SEM 0.08) × 10 -5 mm 2 /s. Baseline CBF i did not differ between males and females, between litters or between groups (p > 0.05, data not shown). Hemispheric differences were not observed, i.e. the mean right-to-left CBF i ratio was 1.05 (SEM 0.17).
At 2 h after right carotid ligation, ipsilateral CBF i was significantly decreased by 19% (SEM 3%) (p < 0.001, data not shown). CBF i was also minimally reduced in the contralateral hemisphere by 6% (SEM 3%; p = 0.009). As expected, ligation affected CBF i in the ipsilateral hemisphere more than the contralateral hemisphere, leading to a ratio of ipsilateral-to-contralateral CBF i of 0.91 (SEM 0.03), which was significantly different from unity. Both sexes responded similarly to ligation.
CBF: After HI
CBF i measurements were made in all animals sequentially, starting immediately at the restoration of normoxia and continuing through the following 25 min. Contralateral CBF i in most animals was substantially increased during the initial 6 min of recovery compared to both baseline and pre-HI levels and decreased thereafter. Although CBF i in the ipsilateral hemisphere was also increased compared to pre-HI levels, the magnitude of these increases was significantly less than the contralateral hemisphere ( fig. 2 ), resulting in a mean ipsilateral-tocontralateral CBF i ratio of 0.83 (SEM 0.04; p < 0.001) at this immediate post-HI time point ( fig. 2 , 3 ; table 1 ).
The animals assigned to the HI-TH group were then placed in cooling chambers for 4 h; rectal temperature and CBF i were monitored hourly. The animals assigned to normothermic recovery were maintained in a normothermic chamber and monitored similarly for the same duration. In those animals exposed to TH, CBF i in both hemispheres decreased from immediate post-HI values to below both baseline and pre-HI levels and remained reduced by approximately 30% of baseline levels for the duration of TH ( fig. 3 a-d; table 1 ). In contrast, during this , d ) hemispheres. e Ratio of ipsilateral-tocontralateral CBF i during this recovery time period. HI-TH animals were actively cooled in a hypothermic chamber during the time period shaded in gray, whereas HI-N animals were in a normothermic chamber during this time period. After the 4-hour time point, the animals were returned to the dam. The grey dotted horizontal line indicates no change in CBF i ( ad ) or no difference between hemispheres ( e ). Significant differences between the HI-N and HI-TH groups were determined by an unpaired t-test. * p < 0.05; * * p < 0.01; * * * p < 0.001. same 4-hour recovery period, CBF i in the HI-N group was significantly elevated compared to pre-HI levels (more so in the contralateral than ipsilateral hemisphere); CBF i was not significantly different from baseline levels in either hemisphere on average. In both the HI-TH and HI-N groups, ipsilateral CBF i was lower than contralateral CBF i , but the ratio of ipsilateral-to-contralateral CBF i approached unity over time, especially in the HI-TH group ( fig. 3 e; table 1 ). Following the 4-hour experimental interval, the pups were returned to their dams. After 1 h (5 h after HI), CBF i in the HI-TH group had on average returned to baseline levels in both hemispheres. CBF i in the HI-N group remained unchanged from the 4-hour interval ( fig. 3 ; table 1 ).
At 24 h, both ipsilateral and contralateral CBF i values were increased above baseline in HI-N pups, while comparable measurements in the HI-TH pups were little changed from baseline ( fig. 3 ; table 1 ). Because CBF i increases significantly during normal maturation in neonatal rats ( fig. 4 ) , we also compared 24-hour data to normal controls that were separated from the dam for similar durations as HI-N and HI-TH pups. No significant differences in relative increase in CBF i at 24 h from baseline were observed between the HI-N or HI-TH groups and controls. However, the average relative increase in ipsilateral CBF i in the HI-N group of 40% (SEM 10%) was higher than that of 20% (SEM 6%) in controls (p = 0.11, data not shown). Additionally, in both the HI-N and HI-TH groups, the average ipsilateral-to-contralateral CBF i ratios were higher than controls (p = 0.08 and 0.03, respectively), who had an average right-to-left CBF i ratio of 0.94 (SEM 0.01).
Heart Rate and Transcutaneous SpO 2
Heart rate and SpO 2 were measured in a subset of 18 animals (n = 9 HI-N, n = 9 HI-TH). Baseline and pre-HI measurements were taken in only 6 animals, whereas all 18 animals were measured at the post-HI time points. Systemic circulation remained well oxygenated throughout the duration of the experiment. Mean SpO 2 for both groups remained at or above 98% at all time points (data not shown).
Baseline heart rate had a mean of 396 beats per min (bpm; SEM 23). At 30 min after HI, the heart rate was elevated from baseline in both the HI-TH and HI-N groups to 421 bpm (SEM 17) and 466 bpm (SEM 8), respectively. In the HI-N group, the heart rate stayed elevated for the duration of the 4-hour post-HI recovery period, with a mean value over the 4-hour period of 465 bpm (SEM 5; p < 0.001). In contrast, heart rates in the HI-TH group during the 4-hour recovery period remained at baseline levels on average and were significantly lower than the HI-N group at 377 bpm (SEM 6) compared to HI-N (p < 0.001). By 5 h after HI, after the 1-hour recovery with the dam (and rewarming in the HI-TH group), the heart rate was similar amongst both groups, with a mean of 406 bpm (SEM 21) in the HI-N group and 386 bpm (SEM 18) in the HI-TH group, and it remained stable at baseline levels through 48 h.
Brain Injury
Animals in the HI-TH group demonstrated significant neuroprotection relative to the HI-N group at both the 1-and 4-week post-HI study end points (p = 0.001). At 1-week post-HI the median (interquartile range, IQR) injury score in the HI-TH group was 1.5 (1-3), whereas the HI-N group was 4 (2.5-4). At 4 weeks after HI the HI-N and HI-TH injury scores were 1 (0-2) and 3 (1.5-5), respectively. We initially focused on potential relationships between CBF i , ΔrCBF and ipsilateral-to-contralateral CBF i ratios at 4 and 24 h after HI with subsequent injury scores. Since damage scores were assessed at either 1 or 4 weeks after HI, relationships between hemodynamics and outcome were explored for each outcome time point independently. Ipsilateral CBF i and ipsilateral-to-contralateral CBF i ratio at 24 h after HI were the most promising predictors of worse 1-week injury scores when looking at all animals regardless of treatment paradigm (p = 0.009 and 0.030, respectively; fig. 5 a, b) . When a similar analysis was performed on the subset of animals with 4-week injury scores, these trends were not significant (p > 0.05; fig. 5 c, d ), although it is likely that this group was underpowered.
Discussion
In this initial descriptive study, we employed DCS to monitor cerebral hemodynamics in neonatal rats following unilateral cerebral HI treated with and without TH.
While a handful of studies have been conducted to quantify CBF before, during and after HI in neonatal rats, this is the first study to demonstrate the effects of TH on CBF. DCS has several advantages over the relatively few other techniques that have been used to quantify cerebral hemodynamics in neonatal rats in the past. Animals do not have to be sacrificed for DCS measurements, as is the case for radioisotopic measurements. DCS measurements can be done on awake, unanesthetized animals, as opposed to laser Doppler flowmetry, laser speckle imaging, perfusion magnetic resonance imaging, and Doppler ultrasound, which require sedation that can alter cerebral hemodynamics. Furthermore, DCS has been used successfully in human neonates. Thus, results obtained in animals can be directly translated to the clinic.
Following carotid ligation, we observed a 20% decrease in CBF i in the ipsilateral hemisphere, suggesting that collateral circulation from the circle of Willis, and cerebral autoregulatory mechanisms were not sufficient to completely restore perfusion. The contralateral hemisphere also exhibited a small ( ∼ 5%) yet significant decrease in CBF i on average. Other investigators have ob- served similar reductions in flow after ligation in neonatal and adult rats [26] [27] [28] . We highlight that although CBF i was reduced, it is most likely still above critical levels needed for metabolic demand, given that carotid ligation alone does not produce cell damage in neonatal rats [29] . Immediately after HI, hyperemia, i.e. a significant increase in CBF i from both baseline and postligation levels, was present in both hemispheres, although it was more pronounced in the contralateral side. This effect subsided within 5-10 min. Hyperemia is commonly seen in other neonatal animal models following HI [30] [31] [32] [33] , and it was seen in internal carotid arteries (macrovasculature) in a cohort of P7 rats [34] . However, hyperemia has not been observed in the handful of studies in neonatal rats that report microvascular CBF measured immediately after HI [27, 35] . The discrepancy between our findings and these other studies may arise from the severity of the HI insult and/or from differences in the sensitivities of the techniques used to assess CBF. Both of these reports employed a hypoxia duration that was 2-3 times longer than our current experiment, as well as younger animals (P7 vs. P10/P11).
During the initial 4 h of recovery, CBF i was elevated in the HI group compared to pre-HI levels in both hemispheres. However, hypothermia blunted this elevation and led to a significant reduction in CBF i compared to both pre-HI and baseline levels. These results agree well with the small handful of studies that have investigated the effects of hypothermia on CBF following neonatal HI [9, [36] [37] [38] , and most likely reflect the reductions in cerebral metabolic rate that occur with cooling.
By 24 h after HI, ipsilateral CBF i was elevated in the HI-N group compared to HI-TH animals (p < 0.05) and controls (p = 0.11). These observations could either reflect real alterations in cerebral hemodynamics associated with secondary energy failure and worse outcome [39] or they could be due to an experimental artifact such as increasing edema (see Limitations).
We did not observe any statistically significant relationships between absolute CBF i at 4 h after HI and subsequent infarct scores at 1 or 4 weeks. However, 24-hour post-HI ipsilateral CBF i and ipsilateral-to-contralateral CBF i ratios were positively correlated with 1-week damage scores. A handful of other publications have investigated the relationship between CBF and brain injury in the immature rat subjected to HI. Ohshima et al. [27] saw a weak positive relationship between the ratio of ipsilateral-to-contralateral CBF at 6 h after HI and the ratio of ipsilateral-to-contralateral brain volume loss. Char riautMarlangue et al. [34] observed a strong significant positive correlation between the relative change in CBF velocity in the internal carotid artery minutes after HI and subsequent tissue loss measured with cresyl-violet staining. The lack of a strong relationship between our 4-and 24-hour post-HI measurements of CBF i and 4-week damage scores suggests that CBF i alone may not be a sufficient predictor of ultimate damage. Tichauer et al. [40] demonstrated that the cerebral metabolic rate of oxygen (CMRO 2 ), not CBF, was most sensitive to insult severity in a newborn piglet model of HI. The authors postulate that impaired cerebral autoregulation may lead to an uncoupling of CMRO 2 from CBF, thus explaining the relative insensitivity of CBF to insult severity. Thus, future work will combine DCS measures of CBF i with oxygen extraction, measured by near-infrared spectroscopy or invasive blood draws, in order to quantify an index of CMRO 2 .
Limitations
Although DCS enables the noninvasive quantification of CBF i without the use of sedation, the technique is limited in spatial resolution. The measured CBF index represents a bulk average of the cortical tissue underneath the optical sensor. The technique is also highly sensitive to motion artifacts, which are more prevalent when monitoring awake animals. In future experiments, due to recent improvements in the DCS acquisition software that allow for integration times in the order of 100 ms, we will be able to eliminate measured intensity autocorrelation functions that demonstrate obvious motion artifacts. Furthermore, the technique is sensitive to signal contributions from extracerebral layers since a simple semi-infinite geometry was used to fit the data. Future work will benefit from modeling of these layers to isolate signal contributions from cortical tissue. Nevertheless, even with small motion artifacts and potential extracerebral signal contributions, the average CoV was 11%, suggesting that these effects do not dominate our results.
The assumption of a fixed value for the tissue-reduced scattering coefficient can have a significant impact on the resultant CBF i . We assumed a fixed value of μ s ′(λ) for all rats across all time points. These assumptions are somewhat justified because our cohort was relatively homogenous, and the animals did not have significant blood loss (which would change the density of scatterers) following the insult. However, Mujsce et al. [35] did observe significant edema in the ipsilateral hemisphere in P7 rats by 4 h after HI and continuing through 24 h, and if these effects were also present in our cohort of P10/P11 rats, in-tracellular swelling could lead to increases in μ s ′(λ) that we did not account for in our model for CBF i . Therefore, our CBF i values at 4, 5 and 24 h after HI in the ipsilateral hemisphere may be artificially elevated. Future experiments would benefit from the concurrent use of a time or frequency domain near-infrared spectroscopy device to quantify μ s ′(λ) for each animal at each measurement time point and to input these measurements into the intensity autocorrelation function fit for CBF i .
Conclusions
TH resulted in significant reductions in CBF in a neonatal rat model of HI. Although hypothermia therapy improves brain injury following HI, we did not observe a relationship between CBF i during treatment and subsequent damage score. However, elevated ipsilateral CBF i and ipsilateral-to-contralateral CBF i ratios at 24 h were positively associated with injury score at 1 week.
